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Abstract 
The test particle Monte Carlo (TPMC) method is delineated by taking the molecular return flux problem for the flow past a 
complete sphere as an example and the return flux on a variety of geometric surfaces, including a complete sphere, a circle flat 
plate, a convex and concave hemisphere, due to ambient scatter of outgassing molecules is simulated by this method. The return 
flux ratio (RFR) obtained here for the flow past a sphere is in good agreement with previous results. Then, effects of various 
outgassing and freestream conditions on RFR for flows past three geometric bodies, including a circle flat plate, a convex and 
concave hemisphere, have been investigated and compared. Moreover, heuristic arguments about geometric, outgassing and 
freestream governing parameters provide theoretical references for the evaluation and control of return flux contamination. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Chinese Society of Aeronautics and Astronautics (CSAA).  
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1.  Introduction 
Gases are emitted from space vehicles as a result of outgassing from the surface materials, control jet efflux, and 
waste discharge [1]. However, emitted molecules that would otherwise escape from the vehicle may return because 
of the scattering caused by collisions with other molecules. Therefore, the return flux is formed. The physical 
quantity describing the magnitude of return flux is return flux ration (RFR), which is defined as the fraction of 
molecules that return to the outgassing surface. Return flux is divided into the ambient-scattered flux due to 
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collisions between emitted molecules with ambient or freestream molecules, and the self-scattered flux due to 
intermolecular collisions entirely within the outgassing gas cloud. Generally, the latter is much less than the former 
in magnitude, so we only consider the former here. As a general rule, the RFR is extremely small. However, it has a 
significant effect on performances of sensitive equipment on spacecraft such as solar arrays, mirrors and lenses [2], 
and in most cases, the performance of optical equipment determines the overall performance of the satellite mission. 
Thus, an accurate estimation of contamination is an essential issue in the design of satellites. 
Return flux contamination by backscattering has been considered difficult to handle due to the strong directional 
anisotropy of backscattering flux. Common analysis methods such as the Bhatnagar-Gross-Krook model and the 
direct simulation Monte Carlo (DSMC) technique are rather inefficient because they are complicated or take a long 
time for simulation [3]. The TPMC method was put forward by Davis [4], which is suited to collisionless and near 
free molecular gas flows. Its distinguishing feature is that the representative molecular trajectories are generated 
serially rather than simultaneously [5]. Consequently, it doesn’t require too large storage capacity. In 1993, Fan et al. 
[2] applied the TPMC method to the molecular return flux problem due to self- and ambient-scatter of outgassing 
molecules. Guo and Liaw [6] concluded that the TPMC method can reduce a large amount of computer time 
compared with the DSMC method and its results are more accurate than the solutions of BGK equations. Therefore, 
TPMC is more practical than the DSMC and BGK method for the predictions of spacecraft contamination. 
 
 
Fig. 1. Schematic of flows (Flows past a sphere, a convex and a concave hemisphere and a circular flat plate) 
The present work will deal with the molecular return flux on a variety of geometric surfaces (Fig. 1) due to 
ambient-scatter of outgassing molecules. After the RFR results for the flow past a complete sphere are validated by 
comparing with previous DSMC results [1], Then, effects of various outgassing and freestream parameters, 
including the outgassing molecular mass, the temperature of outgassing surfaces, and the freestream molecular mass, 
velocity and molecular number density, on RFR for flows past three geometric bodies, including a circle flat plate, a 
convex and concave hemisphere, have been investigated and compared. In addition, heuristic arguments about 
geometric governing parameters, provide theoretical references for the evaluation and control of return flux 
contamination. 
2.  Test particle Monte Carlo method 
The main TPMC procedure for present return flux problems is summarized as follows. Firstly, construct a control 
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subsequent collisions and trajectories until it goes out of the control volume or returns to the outgassing surface. At 
last, repeat the calculations above until the number of test particles is large enough to become convergent. Some 
important steps of TPMC is exampled by the flow past a sphere in the following, and more details can are in Ref. [2, 
9]. 
The initial position of a test particle is derived as the following formula in the local spherical system [9]. 
b 1 2, arccos(1 2 ), 2r r R RT M S      (1) 
In equation (1), ݎୠ is the radius of outgassing surfaces and ܴ௜ א ሺͲǡ ͳሻሺ݅ א Գሻ is a uniformly distributed random 
number. The initial velocity of a test particle can be calculated based on gas kinetic theory and its components in 
local cylindrical coordinate system are the following formula [2]. 
mr mb 3 v 4 z mb 5 b b b2ln , 2 , ln /,v v R R v v R wher ke v T mT S       (2) 
In equation (2), ݉ୠ is the outgassing molecular mass and ୠܶ the temperature of outgassing surfaces. The free path 
length at the outgassing site, which obeys the exponential distribution for a Maxwellian gas, is computed by 
equation (3) and ߣୠ is the mean molecular free path on the outgassing conditions, whose expression is in Ref. [6]. 
1 b 6ln RO O    (3) 
Then the test particle moves to next position. If it is outside the control volume, a new test particle is then 
generated by using the similar procedures as described. Otherwise, the binary elastic collision theory [8] is 
employed to determine the post-collision velocity. In equation (4), ܞୠ and ܞୠכ are respectively pre- and post-collision 
velocity of the test particle, and ݉୤ , ܞ୤  are freestream molecular mass and velocity, and ܞ୰כ  is the post-collision 
relative velocity, whose expression is in Ref. [9]. 
* *
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After collision, the test particle continues to next position. If it is in the control volume, keep on tracking and 
simulating its subsequent collisions and trajectories until it goes out or returns to the outgassing surface; if it gets 
across outgassing surfaces, the insecting point is calculated and saved, and if the particle exits the control volume 
without crossing the surface, a new test particle is generated and calculations are repeated. 
3.  Validation of computation method 
Losing no universality, the outgassing and freestream parameters used in this study are listed in Table 1. At first, 
we focus on a validation case about the flows past a sphere. Fig. 2 shows that RFR decreases nonlinearly as the 
outgassing surface temperature rises for flows past a sphere, but increases linearly as the freestream molecular 
number density increases. Evidently, all results are in good agreement with Ref. [1]. 
Table 1. The computational parameters of outgassing and freestream molecules. 
Physical quantities Magnitude Physical quantities Magnitude 
Outgassing surface radius, ݎୠ ͲǤͷ͸Ͷ Freestream molecular number density, ݊୤ ͺǤʹ ൈ ͳͲଵଵȀଷ 
Outgassing molecular weight, ܯୠ ͵Ͳ Freestream molecular weight, ܯ୤ ʹͻ 
Outgassing molecular diameter, ݀ୠ ʹǤͻͳ ൈ ͳͲିଵ଴ Freestream velocity, ݒ୤ ͺ ൈ ͳͲଷȀ 
Outgassing surfaces temperature, ୠܶ ͵ͲͲ Freestream angle of attack, ן୤ ͳͺͲ 
Total number of test particles, ୱܰ ͳͲଵଵ Freestream temperature, ୤ܶ ͳͲͲͲ 
  Freestream molecular diameter, ݀୤ ʹǤʹͻͷ ൈ ͳͲିଵ଴ 
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Fig. 2. RFR for the flow past a sphere on different conditions 
4.  Results and analyses 
In Fig. 3, RFR is presented as a function of ඥܯୠ and ୠܶ for flows past all geometric bodies. In all cases, the 
qualitative behavior in terms of ඥܯୠ and ୠܶ is similar. More specifically, starting from extremely light outgassing 
molecules, as ඥܯୠ increases, RFR is increased. In the right figure, RFR decreases quickly at small ௕ܶ  and has a 
weak decrease at large ୠܶ as ୠܶ is increased. The fact that RFR on all outgassing conditions for flows past a circle 
flat plate and a concave hemisphere is much larger than that for flows past a convex hemisphere, and RFR for flows 
past a concave hemisphere is slightly less than that for flows past a flat plate should be paid attention to. Note that 
some outgassing molecules would collide on outgassing surfaces directly forming contamination layers for flows 
past concave surfaces. This is called direct flux contamination, whose magnitude is described by DFR (Direct Flux 
Ratio), which is defined as the ratio of the number of molecules that collide on outgassing surfaces directly to that of 
molecules issuing from outgassing surfaces. It is easily analyzed using the view factors between surfaces, provided 
that the flux of contaminant molecules issuing from surfaces is distributed to the isotropic cosine law. For flows past 
a concave hemisphere, we worked out that DFR is 0.5, which is much larger than RFR (~10-6). 
 
   
Fig. 3. RFR for flows past a circle flat plate, a convex and concave hemispheres on different outgassing conditions 
RFR on different freestream conditions for flows past three geometric bodies is plotted in Fig. 4 and RFR is 
presented as a function of ܯ୤ǡ ݊୤ǡ ݒ୤ǡ ן୤  respectively for flows past all geometric bodies. It is also seen that the 
qualitative behavior in terms of each independent variable above is similar in all cases in each image. More 
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specifically, Fig. 4 (a) shows that as ܯ୤ is increased, at small ܯ୤, RFR increases quickly, and at large value of ܯ୤, 
RFR keeps increasing very weakly, reaching asymptotically a steady value. In Fig. 4 (b), RFR increases linearly as 
݊୤ increases, and the linear relation is valid for the freestream speed in Fig. 4 (c). Now we focus on the effect of ן୤ 
on RFR in Fig. 4 (d). As expected, RFR increases as ן୤ increases from ͻͲι to ͳͺͲι, but decreases as ן୤ increases 
from ͳͺͲι to ʹ͹Ͳι and the graph of RFR is symmetrical about ן୤ൌ ͻͲι. By all appearance, effects of outgassing 
and freestream parameters on RFR for flows past a convex and concave hemisphere are similar with flows past a 
circle flat plate. The mechanism how they affect RFR has been discussed heuristically for flows past a circle flat 
plate in Ref. [9]. Therefore, the mechanism in that article is also valid for flows past a convex and concave 
hemisphere and we don’t explain any more here. Most important, analogous with outgassing conditions, RFR on all 
freestream conditions for the flow past a circle flat plate is slightly larger than that for flows past a concave 
hemisphere, and RFR for both the geometric bodies is much larger than that for flows past a convex hemisphere. In 
the same way, the direct flux contamination exists for flows past concave bodies, including the concave hemisphere. 
 
   
(a) (b) 
 
    
(c) (d) 
Fig. 4. RFR for flows past a circle flat plate, a convex and concave hemispheres on different freestream conditions 
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5.  Conclusions 
The TPMC method is delineated by taking the molecular return flux problem for flows past a sphere as an 
example and the return flux on a variety of geometric bodies due to ambient scatter of outgassing molecules is 
simulated by this method. RFR results are compared with previous DSMC results for flows past a complete sphere. 
Then we focus on effects of various outgassing and freestream conditions on RFR for flows past three geometric 
bodies, including a circle flat plate, a convex and concave hemisphere. Based on the results of simulations, we reach 
the following conclusions: 
(1). A space vehicle is usually designed so that view factors between sensitive surfaces and direct flux 
contaminant are kept a minimum, and most of the contaminant molecules first escape the satellite into space. 
Therefore, the return flux becomes one of the largest contamination resources and has a significant effect on some 
sensitive optical surfaces on spacecraft though RFR is as low as ͳͲି଺ for a typical spacecraft flying in the orbital 
environment. 
(2). For the return flux problem due to ambient scatter of outgassing molecules for the flow past a complete 
sphere, RFR results obtained here by TPMC method are in good agreement with previous DSMC results. 
Nevertheless, the TPMC method can reduce a large amount of storage capacity and computer time compared with 
the DSMC method, so it is more practical for the predictions of spacecraft molecular return flux contamination. 
(3). Not only outgassing and freestream conditions but also geometric bodies affect RFR. Each outgassing or 
freestream parameter has an analogous effect on RFR for flows past three different geometric bodies and the 
mechanism how these parameters affect RFR is the same for the three geometric bodies mentioned above. RFR on 
all outgassing and freestream conditions for flows past a circle flat plate and a concave hemisphere is much larger 
than that for flows past a convex hemisphere. 
(4). Although RFR on most conditions for flows past a concave hemisphere is slightly less than that for flows 
past a flat plate, some outgassing molecules will collide on outgassing surfaces directly forming direct flux 
contamination for flows past concave surfaces. For the flow past a concave hemisphere, we can work out that DFR 
is 0.5 using the view factors between surfaces, which is much larger than RFR (~10-6). Thus, using convex 
outgassing surfaces as more as possible in spacecraft design can decrease return flux contamination effectively. 
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